Introduction
Currently, HAART consists of at least three drugs including protease inhibitors (PI), nucleoside reverse transcriptase inhibitors (NRTI; nucleoside analogues) or non-nucleoside reverse transcriptase inhibitors (NNRTI). Patients on long-term therapy develop side effects, particularly mitochondrial toxicity and metabolic disturbances [1] . Studies have looked at structured treatment interruption (STI) to limit exposure to HIV drugs [2] [3] [4] [5] . After the unexpected termination of the SMART study January 2006, due to an increased risk in disease progression and mortality of the STI arm, a temporary stop has been put to this treatment option [6] . The possibility of simplified maintenance strategies has thus gained both in importance and attractiveness, with HIV monotherapies reducing the risk of long-term side effects.
Lipodystrophy is mainly caused by the mitochondrial side effects of NRTI [7] . Although some NRTI are less toxic to the mitochondria, complete elimination of NRTI from HAART is likely to reduce the long-term risk of lipodystrophy associated with NRTI. In addition, monomaintenance treatment results in reduced cost which is an important requirement for the treatment of infected individuals in resource limited countries.
Given the high trough levels and increased barrier for resistance of boosted PI these drugs are currently the most interesting candidates to be evaluated for the use in mono-maintenance regimens.
A prerequisite of efficient HIV drugs is their ability to reach blood levels far above inhibitory concentrations of wild-type HIV. Co-administration of ritonavir (RTV), a potent inhibition of cytochrome P450, greatly improves pharmacokinetics (AUC and plasma half life) of PI.
Our group has evaluated the efficacy of simpler treatment regimens in two pilot studies. The first of these used ritonavir-boosted indinavir (IDV/r) [8] . Patients on monotherapy were able to maintain HIV RNA suppression (50 copies/ml) during a median follow-up time of 78 weeks. Subsequently, other groups investigated monotherapies using ritonavir-boosted PI [9, 10] . Most have used the coformulation of lopinavir with ritonavir (LPV/r, Kaletra) because of ease of administration and high potency. Three randomized studies comparing LPV/r with standard triple HAART in patients as maintenance therapy found no significant difference in the two treatment arms [11] [12] [13] . A fourth study comparing LPV/r with standard triple HAART in naive patients, found LPV/r monotherapy to be inferior to standard triple HAART [14] . All four studies found an increase in low level viral rebound during treatment but the significance of this finding is unknown.
PI don't penetrate well into the central nervous system or the genital tract [15] , raising concerns about the local selection for drug resistance, with eventual re-entry into the circulation of resistant virus [16] . In our first monotherapy study we deliberately selected IDV/r for its lower protein binding, and therefore superior compartment penetration [7] . The limitation of that treatment was the frequency of renal and dermatological side effects. When this study was terminated, fosamprenavir was not available to us. We therefore selected ritonavir-boosted atazanavir (ATV/r) as a continuation of our monotherapy-study based on the relatively low level of protein binding of this drug. The purpose of this study was to test the feasibility of ATV/r mono-maintenance and its effect on HIV RNA levels in the spinal fluid and seminal plasma.
Materials and methods

Study design
Patients having followed a conventional HAART for at least 6 months (stable HAART during last 3 months), or patients who previously participated in the IDV/r monotherapy study [8] were eligible for the study.
At baseline, all combination therapies or IDV/r monotherapy were stopped and only ritonavir boosted atazanavir (300 mg/100 mg q.d.) was administered for up to 24 weeks. Patients were supplied with study medications and instructed to always take their drug at the same time, together with a meal. Based on drug monitoring at week 4, ATV/r dosage was adjusted to 400 mg/100 mg. In order to evaluate viral replication and drug penetration into cerebrospinal fluid (CSF) and genital compartment, patients were asked to provide a CSF sample at week 24 and a semen sample at baseline and at week 24. This additional sampling was not mandatory for the participation in this pilot study. In addition, patients entering the study from IDV/r monotherapy were also asked to provide an additional CSF sample at baseline. Drug concentration in CSF was evaluated based on ATV drug monitoring and comparison between CSF and plasma. Primary study endpoint was defined as two consecutive HIV RNA values > 400 copies/ml, three consecutive HIV HIV RNA values > 200 copies/ml, or four consecutive HIV RNA values > 100 copies/ml. The additional endpoints (200 or 100 copies/ml) were planned to avoid continued monotherapy in patients with prolonged phases of low-level replication. Any patient reaching a pre-defined study endpoint was switched back to HAART. Local ethical committees approved the study. Written informed consent was obtained from all patients.
Patients
Patients were recruited and followed at the Department of Infectious Diseases at the Cantonal Hospital in St Gallen or the University Hospital in Geneva, Switzerland. Only patients with suppressed viral loads during the last 3 months prior to study initiation were included (two recent RNA measurements and screening RNA < 50 copies/ml). Major exclusion criteria were any history of treatment failure. Patients with lipid lowering drugs during the last 28 days prior to study start, or concomitant intake of medications likely to influence ATV pharmacokinetics were excluded. Additional exclusion criteria were active opportunistic infections, insulin dependent diabetes, ECG abnormalities or presence of cardiovascular disease, serum alanine aminotransferase (ALT) (or aspartate aminotransferase, AST) > 5 Â upper limit of normal (ULN), serum bilirubin > 2 Â ULN, serum creatinine > 1.5 Â ULN. A negative pregnancy test was required for female participants.
Follow-up
Upon screening, patients were included at baseline and followed every 4 weeks until study termination at week 24. Each follow-up visit included HIV RNA determination, CD4/CD8 cells (total, %), haematology, blood chemistry, and lactate assessments. At week 4, therapeutic drug monitoring (TDM) was performed, and drug dose adjustments were carried out if necessary. Fasting cholesterol [total, triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL)] and urine parameters were determined at baseline, week 8, 16, and 24. A glucose tolerance test was carried out at baseline and at week 24.
In one centre, CD8 activation markers were measured in all patients at week 0, 4, 8 (12) and 24 and blood from these four time points was analysed batchwise to detect C-reactive protein (CRP; highly sensitive method) as a surrogate for altered immune-activation during monotherapy.
Analytical methods CSF samples were collected in portions (4 Â 2 ml), with plasma collected at the same time. Semen samples were collected at the beginning and at the end of the study. Seminal plasma and CSF samples were kept frozen at À708C until analysis. HIV-1 RNA was quantified in cellfree plasma, CSF, and semen using ultra sensitive PCR with a detection limit of 50 copies/ml (Amplicor, Roche Diagnostics, Rotkreuz, Switzerland). ATV concentration in plasma was determined by HPLC with UV-photodiode array detection at 201 nm using a validated method [17, 18] . The LC-MS/MS method was calibrated using matrix-matched samples prepared in artificial CSF (glucose 0.8 g/l, albumin 0.2 g/l, NaCl 7.3 g/l, KCl 0.3 g/l, NaHCO 3 1.9 g/l, (pH adjusted to 7.5 with NaHPO 4 buffer), as previously reported [19] . The lower limit of quantification of ATV by LC-MS/MS is 0.2 ng/ml. Blood and CSF were collected at median 12 (2-26) h after the last intake of ATV/r. Lumbar puncture was timed within 30 min of concurrent blood sampling. Genotypic resistance tests (ViroSeq, Abbott Diagnostocs, Rotkreuz, Switzerland) were performed if HIV RNA was > 400 copies/ml.
Statistical analysis
Comparison of outcome variables between baseline and week 24 was performed using paired sample t test. For non-parametric data the Wilcoxon's signed rank test was used.
Results
Thirty patients were included in the study (nine patients had previously been treated by IDV/r monotherapy). Baseline characteristics are shown in Table 1 .
According to endpoint criteria two (7%) patients failed the ATV/r monotherapy (two consecutive HIV RNA > 400 copies/ml). One patient failed at week 8, but was subsequently identified as a protocol violator having previously failed IDV based HAART. The second patient deliberately decided to stop treatment after week 20. One patient had persistant low-level replication above a Indicators of altered immune activation (CD8þ CD38þ; and hsCR: highly sensitive C-reactive protein), were only determined at one site (n ¼ 20). PI, Protease inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; LDL, low density lipoprotein; HDL, high density lipoprotein; ALT, alanine aminotransferase; AST, aminotransferase; hsCRP, highly sensitive C-reactive protein.
50 copies/ml but never reached the failure criteria (Fig. 1) . All other patients (n ¼ 27; 90%) were virologically suppressed in plasma at week 24 (HIV RNA < 50 copies/ml). Excluding the two failing patients, short term viral blips greater than 10 2 copies/ml were found in five patients (18%, Fig. 1 ). Among those, four had a single viral load measurement > 50 copies/ml with only two patients (7%) having a single blip > 200 copies/ml. One patient who admitted poor adherence had a viral load < 50 copies/ml at screening but 1.8 log 10 at baseline. HIV RNA values remained at low levels during the study, and the patient was switched to an efavirenz based HAART after the study was terminated.
At week 24, spinal fluid was obtained from 20 patients with fully suppressed HIV RNA. Three patients (15%) had elevated viral loads in CSF (HIV RNA in CSF: 2.8, 2.2, 3.8 log 10 copies/ml) despite viral suppression in plasma (< 50 copies/ml). Resistance testing on CSF-RNA failed in the patient with the low viral load (2.2 log 10 copies/ml) and showed wild type in the two other patients. The two patients with HIV RNA > 400 copies/ml in CSF were switched to conventional HAART. The high CSF-RNA (3.8 log 10 copies/ml) was reconfirmed (3.2 log 10 copies/ml) upon retesting. The patient with the lowest CSF viral load (2.2 log 10 ) decided to remain on ATV/r monotherapy, and CSF viral load was 1.9 log 10 upon retesting after 1 year.
For those patients switching from IDV/r monotherapy (n ¼ 9), five provided a CSF sample at the beginning of the study; two refused an additional lumbar puncture at week 24. The analysis was done batch-wise when all these patients reached week 24. The patient with the highest CSF viral load at week 24 was subsequently found to have detectable HIV RNA in CSF at baseline (3.2 log 10 copies/ml) prior to starting ATV/r monotherapy. A second IDV/r patient was found to have detectable HIV RNA in CSF (2.7 log 10 copies/ml) at baseline. Resistance testing on CSF-RNA showed wild type virus. As the patient refused an additional lumbar puncture at week 24, he was switched back to conventional HAART.
A total of 22 (85%) men provided at least one semen sample for virological determination (18 at baseline, 15 at week 24). Eleven men gave a semen sample both at baseline and at week 24. At week 24, despite viral suppression in plasma, two (13%) men had semen samples with HIV RNA values > 10 2 copies/ml (HIV RNA in semen: 2.23, 2.24 log 10 copies/ml). Of the two patients with HIV RNA above 10 2 copies/ml at week 24, one patient already had detectable HIV RNA at baseline (2.05 log 10 copies/ml).
A drug comparison between plasma and CSF was available in 22 patients. ATV concentration in plasma and CSF was significantly different, with a median drug concentration in plasma of 1250 ng/ml (range, 205-3555 ng/ml) compared to 8.3 ng/mL (range, 0.6-40 ng/ml) in CSF (P < 0.001). Mean ratio of CSF/plasma drug concentration was 0.9% (AE 0.8, range, 0.1-2.7%). These levels were similar to other published results and slightly above the EC 50 (1 ng/ml) for wild type virus [20] .
CD8 activation markers were measured in 20 patients with no significant change detected between baseline and week 24. Still, there seemed to be a tendency towards a slight decrease in percent-activated cells between baseline (8.4 AE 8.3%) and week 24 (4.8 AE 7.0%), but these differences were not statistically significant. At week 4, percent-activated cells were comparable to baseline (9.0 AE 10.7%). The same was true for CRP, used as an additional indicator of altered immune activation, with no changes between baseline and week 24. Even though not significant, CD4 cells showed an increase during 24 weeks of PI-monotherapy by a mean of 15 cells/ml. Table 2 presents mean changes in metabolic parameters between baseline and week 24. The protocol violator who failed at week 8 is excluded from the comparison.
Even though LDL-cholesterol was high at baseline (mean, 3.8 AE 1.2 mmol/l), with borderline cholesterol (mean, 6.2 AE 1.4 mmol/l) and TG values (median, 1.6 mmol/l; range, 0.6-16 mmol/l), lipid profile had not changed significantly by the end of the study. Still, an indication towards an improvement in lipid profile was suggested. Response to glucose challenge was comparable between baseline and week 24, with no increase in percentage of patients having a fasting glucose levels above 5 or 7 mmol/l. As expected, bilirubin levels increased 7 log 10 )copies/ml. Five patients suppressed at week 24, experienced occasional increase in HIV RNA > 50 copies/ml during the study. Of those, four had a single viral load measurement > 50 copies/ml, with only two having single blips > 200 copies/ml. The blue line represents one patient with poor adherence and who had < 50 copies/ml at screening but 1.8 log 10 copies/ml at baseline. HIV-RNA values remained at low level during the study, and the patient was switched to HAART after the study.
significantly between baseline and week 24, from a mean of 21.0 AE 19.3 mmol/l to a mean of 73.7 AE 74.2 mmol/l. All other parameters were comparable between baseline and week 24 ( Table 2) .
Upon study completion, patients had the option to remain on ATV/r monotherapy. Of the two study failures (plasma HIV RNA > 10 2 copies/ml), the protocol violator switched back to conventional HAART and the non-compliant patient remained off drugs. Of the two patients with elevated CSF one switched to HAART, while one patient stayed on PI monotherapy. Some time after study completion, an additional three patients were switched back to HAART (one hyperbilirubinemia, two adherence failures).
Thus, 23 patients (77%) originally recruited for the PI monotherapy studies (IDV/r and ATV/r), continue this treatment regimen. For the seven patients originally recruited for the IDV/r trial, mean current PI monotherapy treatment duration amounts to 56.0 AE 1.7 months. The median duration of follow-up of all patients who remained on monotherapy (n ¼ 23; IDV/r and ATV/r) is 27.1 (range, 13.6-57.4) months. Fig. 2 summarizes all longitudinal data in ATV/r monotherapy patients.
Discussion
To our knowledge, this is the first study evaluating the effect of PI monotherapy in the central nervous system and seminal plasma. Given the open non-comparative design of this study, we cannot compare the overall treatment results with standard HAART. However, similar to most other recently presented studies of PI-monotherapy, we found few treatment failures in the 30 patients observed during 24 months. In fact, only two patients (7%) had a treatment failure according to our failure criteria. One patient decided to stop treatment after week 20 for reasons not related to the study. The second patient failed treatment at week 8. Subsequent evaluation of his previous treatment history revealed that the patient had previously failed on a PI-based HAART (IDV), he should therefore be considered a protocol violator. Thus, all 28 patients who fulfilled the entry criteria and who remained on the assigned treatment maintained their HIV RNA level below 50 copies/ml.
These results confirm the results of other short-term studies of the effect of PI-monotherapy in the blood. Most other monotherapy studies have been conducted on Except for the one failing patient stopping ritonavir-boosted atazanavir monotherapy at week 8, all patients (n ¼ 29) are included in the comparison. Statistical significance is set at P < 0.05. LDL, low density lipoprotein; HDL, high density lipoprotein; ALT, alanine aminotransferase; AST, aminotransferase; hsCRP, highly sensitive C-reactive protein. LPV/r and a recently published, non-comparative ACTG pilot study demonstrated similar results in 30 patients treated with ATV/r for 24 weeks [21] .
While these studies indicate a potential value of monotherapies for HIV-maintenance therapy, no definitive conclusions can be drawn due to the limited power of all of them. Cameron [11] demonstrated an increased frequency of short-term, low-level viraemia ('viral blips') in patients on monotherapy compared with the comparison arm on continued HAART. While increased viral blips might indicate reduced antiviral potency of monotherapy, it could also be a result of differences in adherence or laboratory errors.
In our previous pilot study we did not find a higher frequency of viral blips in study patients compared with historical controls on standard HAART [7] . Another method to detect low level replication could be the determination of immune activation. HIV replication itself stimulates the activation of CD8 cells [22, 23] . In fact, persistent immune activation per se enhances HIV replication, reduces the naive T-cell pool, accelerates depletion of CD4 T cells, and impedes both cellular and humoural immunity [24, 25] . Highly sensitive CRP (hsCRP) is a marker for immune activation and is associated with diseases progression in HIV-infection [26] . However, we found no increase in markers of immune activation after initiation of monotherapy, either by measurement of CD8CD38HLADR cells or hsCRP.
The main focus of this study was on the effect of monotherapy in the genital tract and central nervous system. Indeed, our finding of increased HIV RNA in 3/20 patients after 24 weeks on monotherapy must be considered relevant. When the study was designed, no clinical data on ATV drug penetration in the CSF was available. The low drug level found in CSF in this study is supported by a recent presentation [27] , where ATV concentrations in CSF (n ¼ 26) were found to be highly variable with concentrations 100-fold lower than plasma, even with ritonavir boosting. Observed CSF concentrations were lower than estimated free plasma concentrations ($ 140 ng/ml) and a CSF : plasma ratio of 0.0098 (n ¼ 24). In addition, reference values for the CSF : plasma ratio range between 0.0021 and 0.0226 (AIDSinfo, FDA approved drugs/Reyataz).
The authors hypothesize that an active efflux pump is responsible for the low ATV levels in spinal fluid. Interestingly, two of five individuals on IDV/r monotherapy who consented to a lumbar puncture at ATV/r baseline also had increased HIV RNA levels. Such high levels of HIV RNA are rarely reported in patients under HAART but the data on HIV RNA levels in CSF under HAART is limited. Hull [28] presented a case report of a patient who had fully suppressed HIV RNA in blood and who developed HIV encephalopathy. He was subsequently found to have detectable levels of HIV RNA in CSF despite fully suppressed HIV RNA in blood over several years. The HIV RNA level in CSF in that case was in the range of our two patients with high RNA levels in CSF. We would therefore caution against the uncontrolled administration of PI-based monotherapies until complete suppression of viral load in the central nervous system is documented.
Compartmentalized HIV RNA replication in the genital tract could also be a source of concern. In addition to the risk of development of resistance, it could increase the risk of HIV transmission from treated individuals. The relatively low level of HIV RNA in semen of two men (among 15 who gave a semen sample at week 24) is reassuring but further studies should investigate a potential compartment effect in semen before monotherapies can be implemented outside of clinical studies.
Conclusion
In conclusion, our study supports previous studies indicating the potential use of PI-based monotherapies for simplified long-term maintenance treatment. The long-term observation of our group of patients on monotherapy is reassuring. PI-based monotherapy might be a topic of interest for some selected patients. However, our results on the effect of monotherapy in CSF cautions against the uncontrolled use of such monotherapies. In addition, long-term efficacy of monotherapies remains to be shown. We suggest that future monotherapy studies should include an evaluation of compartment effects, at least in a subset of patients.
